












































































































































































































































































































































































































































































While  these  high‐throughput  methods  provide  new  opportunities,  they  can  also  be  difficult  for 
analysis and interpretation. In particular, demonstrating causal links between specific changes at the 
genomic or transcriptional  level with divergence  in morphology, physiology, behavior or  life history 
remains challenging, especially in non‐microbial systems. These methods often identify divergence in 
allele  frequencies  at hundreds of  loci  [54,  111] or  in  expression of hundreds of  transcripts  [119]. 







One  of  the  goals  of  experimental  evolution,  as  a  field,  is  to  test  general  hypotheses  about 
evolutionary  processes—in  contrast  to  many  comparative  studies  that  seek  to  understand  the 
evolution of a particular trait in a given phylogenetic context. Yet, all of life on Earth derives from the 
same primordial ancestors, so how general can evolutionary tests be? As Maynard Smith put it [120]: 




digital organisms  living  in virtual worlds  [123, 124]. As Dennett says  [125]: “The process of natural 
selection  is  substrate‐neutral … evolution will occur whenever  and wherever  three  conditions  are 
met: replication, variation  (mutation), and differential  fitness  (competition).” The Avida system  is a 
computational platform developed  for  this  research, one  in which digital organisms  are programs 
that replicate, mutate and compete [124, 126]. (Both research and educational versions of Avida are 
freely  available  on  the  web.)  The  organisms  can  manipulate  bit‐strings  and,  if  they  perform  an 
operation  appropriate  to  their  environment,  they  obtain  additional  energy  to  run  their  genetic 


















































































































































































































































































































































































































































































































































































































































Hypothesis Organism and references 
  
Mutation and adaptation  
Adaptation occurs mostly via many mutations of small effect  Bacteriophage φ6 [191]; 
Escherichia coli [23-25] 
Fitness effects of beneficial mutations show negative epistatic interactions Bacteriophage T7 [192]; 
Escherichia coli [26]; 
Methylobacterium extorquens [115] 
Mutators (strains with elevated mutation rates) may evolve during adaptation to a novel 
environment 
Escherichia coli [45] 
Mutators may enhance rates of adaptive evolution Escherichia coli [45] 
 
Genetic drift and inbreeding 
 
Genetic drift reshapes genetic variance-covariance matrices Drosophila melanogaster [193] 
Bottlenecks do not reduce and may increase additive genetic variance Musca domestica [194]; Tribolium 
castaneum [195]; Drosophila 
melanogaster [196] 




Spatial heterogeneity with restricted gene flow favors local adaptation in 
metapopulations 
Arabidopsis thaliana [75] 
Spatial environmental heterogeneity drives adaptive radiation Pseudomonas fluorescens [153] 
Fluctuating environments favor generalist genotypes, and constant environments favor 
specialist genotypes 
Chlamydomonas reinhardtii [197] 
Vesicular stomatitis virus [198]; 
Escherichia coli [43]; digital 
organisms [132] 
Fluctuating environments maintain genetic variation Drosophila melanogaster [76, 199] 
 
Sexual selection and conflict 
 
Intensity of sexual signals increases under strong sexual selection Drosophila pseudoobscura [200]; 
Saccharomyces cerevisiae [154] 
Intensity of sexual signals increases when predation pressure is relaxed Poecilia reticulata  (F) [201] 
Sexual selection facilitates elimination of deleterious alleles Drosophila melanogaster [31] 
Sexual selection leads to reduction (-) or increase (+) in non-sexual fitness components Callosobruchus maculatus (+) 
[202]; Drosophila melanogaster (+) 
[203], (-) [204]; D. serrata (-) [205] 
Kawecki et al: Experimental Evolution    28 
Polygamy favors male traits that reduce fitness of their mates (interlocus sexual conflict) Drosophila melanogaster [33]; 
Rhizoglyphus robini (mite) [206]; 
Sepsis cynipseaii (fly) [207] 
 
Life history and sex allocation 
 
High extrinsic mortality leads to the evolution of shorter intrinsic lifespan Drosophila melanogaster [208] 
High predation favors high reproductive effort Poecilia reticulata (F) [95] 
Antagonistic pleiotropy contributes to late-life mortality plateau  Drosophila melanogaster [53] 
Sex allocation in hermaphrodites evolves towards the Fisherian ratio  Mercurialis annua (plant) [68] 
Local mate completion favors female-biased sex ratio Tetranychus urticae  (mite) [209] 
 
Sexual reproduction and mating systems 
 
Fitness declines in asexual populations by Muller’s ratchet Bacteriophage φ6 [210] 
Sex and recombination accelerate adaptation to a novel environment Chlamydomonas reinhardtii [162]; 
Saccharomyces cerevisiae [83]; 
Escherichia coli [156] 
Incidence of sex increases in heterogeneous environments (in species with facultative 
sex) 
Brachionus calyciflorus (rotifer) [82] 
Self-fertilization evolves under pollinator limitation Mimulus guttatus (plant) [69] 
Sexual reproduction favors altered gene interactions and modularity Bacteriophage T4 [155];  
digital organisms [131] 
 
Kin selection and cooperation 
 
Relatedness favors restraint from cannibalism Tribolium confusum [211] 
Limited migration and local extinction promotes competitive restraint Bacteriophage T4 [212] 
Cooperators evolve to suppress social cheaters Myxococcus xanthus [213] 
Parasitic mitochondria evolve when among-cell selection is weak Saccharomyces cerevisiae [214] 
Single-cell bottlenecks promote cooperation among cells in multicellular organisms Dictyostelium discoideum [215] 
Conditions favoring large size may lead to evolution of multicellularity Saccharomyces cerevisiae [164] 
 
Behavior and cognition 
 
Variation in foraging behavior is maintained by negative frequency-dependent selection Drosophila melanogaster [12] 




Parasites or predators select for host or prey resistance, and resistance is costly Daphnia magna and 
microsporidian parasite (F) [2]; 
Escherichia coli and various 
bacteriophages [14, 27, 44, 217]; 
Kawecki et al: Experimental Evolution    29 
Chlorella vulgaris (algae) and 
Brachionus calyciflorus (rotifer) 
[218] 
Parasites impose negative frequency-dependent selection on the host Potamopyrgus antipodarum 
(gastropode) and Microphallus sp 
(trematode) [74] 
Host-parasite coevolution drives divergence and local adaptation Escherichia coli and bacteriophage 
φ6 [139, 149]  
Vertical transmission and lower virulence evolve under conditions of high host 
population growth 
Paramecium caudatum and 




Divergent selection leads to premating isolation Drosophila pseudoobscura [35]; D. 
serrata [34] 
Divergent selection leads to postmating isolation Neurospora sp. [36] 
Hybrid inferiority leads to reinforcement of prezygotic reproductive isolation  Drosophila yakuba [38] 
Repeated bottlenecks lead to reproductive isolation (not supported) Drosophila pseudoobscura [5, 39]; 
Musca domestica [220] 
 
Repeatability of evolution 
 
Adaptation in independent populations occurs via parallel changes in gene expression, 
parallel mutations, or parallel enrichment of pre-existing alleles 
Escherichia coli [40]; 
Saccharomyces cerevisiae [221]; 
Various bacteriophages [27, 104, 
222]; Drosophila melanogaster [54] 
Traits less correlated with fitness are more influenced by chance and history Escherichia coli [50] 







Figure  1.  Examples  of  experimentally  evolved  phenotypic  changes.  (a)  Cells  of  the  social 
bacterium Myxococcus  xanthus  cooperate  to  swarm  across  solid  surfaces  in  search  of  food  and  to  form 
multicellular fruiting bodies.   Strains  initially unable to swarm due to  loss of a necessary gene ("A") evolved 






(bottom).  Ten  generations  of  evolution  in  a  complex  environment  shifted  the  underlying  reaction  norm, 
leading  to  a  substantial  decrease  in  the  frequency  of  the  fighter morph  [224].  Copyright  Jacek  Radwan, 
Jagiellonian University, Kraków. (d) Populations of the guppy (Poecilia reticulata)  introduced to sites free of 
the main predator  (bottom) evolved brighter male  coloration – here, blue dorsolateral  spots and  stronger 
blue‐green  iridescence  on  posterior  body  –  compared  to  their  ancestors  (top)  that  evolved  with  visual 
predators [201]. Copyright Darrell J. Kemp, Macquarie University, Sydney. 
